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Enhancement of current-voltage characteristics of multilayer organic light
emitting diodes by using nanostructured composite films

Nguyen Nang Dinh,"® Le Ha Chi,' Tran Thi Chung Thuy,? Tran Quang Trung,®
and Vo-Van Truong*

lCollege of Technology, Vietnam National University Hanoi, 144 Xuan Thuy, Hanoi, Vietnam
*Thai Nguyen University of Education, 18 Luong Ngoc Quyen, Thai Nguyen City, Vietnam
3C()llege of Natural Science, Vietnam National University, 227 Nguyen Van Cu Road, District 5,
Ho Chi Minh City, Vietnam

4Deparlment of Physics, Concordia University, 1455 de Maisonneuve Blvd W, Montreal (Quebec)
H3G IMS8, Canada

(Received 3 August 2008; accepted 18 March 2009; published online 8 May 2009)

With the aim of improving the photonic efficiency of an organic light emitting diode (OLED) and
its display duration, both the hole transport layer (HTL) and the emitting layer (EL) were prepared
as nanostructured thin films. For the HTL, nanocomposite films were prepared by spin-coating a
homogeneous solution of low molecular weight poly(4-styrenesulfonate) (PEDOT-PSS) and
surfactant-capped TiO, nanocrystals onto low resistivity indium tin oxide (ITO) substrates; for the
EL, nancrystalline titatium oxide (nc-TiO,)-embedded Poly[2-methoxy-5-(2’-ethyl-hexyloxy)-
1,4-phenylene vinylene] (MEH-PPV +nc-TiO,) conjugate polymers were spin-coated onto the HTL.
Also, for a shallow contact of AI/LiF/MEH-PPV instead of A/MEH-PPV a super LiF thin film was
deposited onto the EL by vacuum evaporation. The resulting multilayer OLED had the following
structure of Al/LiF/MEH-PPV +nc-TiO,/PEDOT-PSS+nc-TiO,/ITO. Characterization of the
nanocomposite films showed that both the current-voltage (I-V) characteristics and the
photoluminescent properties of the nanocomposite materials were significantly enhanced in
comparison with the standard polymers. OLEDs made from these layers would exhibit a large

photonic efficiency. © 2009 American Institute of Physics. [DOI: 10.1063/1.3117518]

I. INTRODUCTION

Recently, conducting polymers and polymer-based de-
vices are meeting requirements in many fields such as opto-
electronics, organic light emitting diodes (OLEDs), solar
flexible cells, etc.' By embedding inorganic nanocrystalline
oxides into polymer matrices, one can enhance the efficiency
and service duration of the devices. The embedded oxides
can substantially influence both the electrical and optical
properties of the polymer, for instance, MEH-PPV
+nc-TiO, composite thin films were studied as a photoactive
material.*> For OLED, it is very important to improve the
luminescence efficiency of the emission layer. Efficient de-
vice operation requires optimization of three factors: (i)
equalization of injection rates of positive (hole) and negative
(electron) charge carriers, (ii) recombination of the charge
carriers to form singlet exciton in the emitting layer (EL),
and (iii) radiative decay of the excitons. Of the two carriers,
electrons have the lower mobility and hence limit the current
conduction process.® By adding a hole transport layer (HTL)
and an electron transport layer (ETL) to the three-layer de-
vice one can expect the equalization of injection rates of
holes and electrons, consequently leading to a higher elec-
troluminescent efficiency of the OLED. This is because of
the better balance of a high working function between the
indium tin oxide (ITO) and the HTL, and a low working
function between the cathode and the ETL in OLEDs. How-
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ever, a large difference in the structures of an inorganic ma-
terial such as ITO and an organic one such as polyethylene
(3,4-dioxythiophene) (PEDOT) usually leads to a poor inter-
face contact. By embedding TiO, nanoparticles in PEDOT
one can expect to enhance both the contact of HTL with ITO
and the working function of PEDOT films. Incorporation of
metal (Ni, Cu) and metal-oxide (NiO) nanoparticles in PE-
DOT:PSS used for both OLEDs and solar cells has also been
studied by Oey et al.” The results obtained showed that em-
bedding Cu and NiO nanoparticles resulted in inferior OLED
performance, while the addition of Ni with 10 and 5 wt %
improved the performances for OLEDs and solar cells, re-
spectively. The improvement was attributed to the enhance-
ment of the hole current intensity flowing through the de-
vices. The influence of metallic nanoparticles on the
performance of OLEDs has equally been investigated by
Choulis er al.® Au particles have been incorporated in the
interface between alternative buffer layers and a phosphores-
cence based light emitting layer. It was found that such an
incorporation of plasmonic particles led to a 33% improve-
ment in the luminance efficiency of the OLEDs studied. Be-
sides, a super thin LiF layer sandwiched between the EL and
the aluminum cathode can create a shallow contact layer
(SCL) that enables increasing electron mobility.”

In this work we investigated the properties of the nano-
structured layer components as proposed resulting in an en-
hancement observed in the OLEDs. Current-voltage (I-V)
characteristics of the devices are also presented.

© 2009 American Institute of Physics
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Il. EXPERIMENTAL

The ITO-coated glass substrates used for spin-coating
nanocomposite films were ultrasonically cleaned in distilled
water, followed by cleaning in ethanol and acetone. KBr
crystalline substrates were used for characterization of pho-
toluminescence (PL) properties. To deposit the composite
layers onto ITO, MEH-PPV solution was prepared by dis-
solving MEH-PPV powder in xylene with a ratio of 10 mg of
MEH-PPV in 1 ml of xylene. Then, TiO, nanoparticles were
embedded in these solutions according to a weight ratio
TiO,/MEH-PPV of 0.15 (namely 15 wt %), further referred
to as MEHPPV +TiO,. The last deposit was used as the EL.
To obtain a homogeneous dispersion of TiO, in polymer, the
solutions were mixed for 8 h by using magnetic stirring.
These liquid composites were then used for spin-coating and
casting. The conditions for spin-coating are as follows: a
delay time of 120 s, a rest time of 30 s, a spin speed of 1500
rpm, an acceleration of 500 rpm, and finally a drying time of
2 min. The films used for PL characterization were deposited
by casting onto KBr tablets having a diameter of 10 mm,
using 50 ul of the MEH-PPV solution. To dry the films, the
samples were put in a flow of dried gaseous nitrogen for 12
h. All the samples were put in a fore vacuum box until the
measurements. For preparing an initial solution of PEDOT,
the pure PEDOT powder was dissolved in a largely diluted
PSS. To get the PEDOT+nc-TiO, films that served as the
HTL, the above mentioned procedure for MEHPPV +TiO,
was used, with however a different content of nc-TiO, in
PEDOT (i.e., 20 wt %). A super thin layer of LiF (thickness
of ca. 10 nm) used as a SCL was deposited by electron beam
technique, and finally an Al coating used as the cathode was
made by vacuum metallization. Thus, the OLED with five
layers had the structure of ITO/HTL/EL/SCL/AL.

The surface morphology of samples was characterized
by using a “Hitachi” field emission scanning electron mi-
croscopy (FE-SEM). Atomic force microscope (AFM) im-
ages were obtained using a NT-MDT AFM operating in a
tunnel current mode. Nanocrystalline structures were inves-
tigated by x-ray diffraction with a Philips D-5005 diffracto-
meter using filtered Cu Ko radiation (A=0.154 06 nm). PL
were carried out by using a FL3-2 spectrophotometer and
I-V characteristics were measured on an Auto-Laboratory
Potentiostat PGS-30. The ultraviolet-visible absorption spec-
tra were carried out on a Jasco UV-VIS-NIR V570.

lll. RESULTS
A. MEH-PPV +TiO, nanocomposites

Surfaces of MEHPPV+TiO, nanocomposite samples
were examined by SEM and AFM techniques. Figure 1
shows SEM images of a composite sample with embedding
of 15 wt % nanocrystalline titanium oxide particles (about 5
nm in size). The surface of this sample appears much
smoother than the one of composites with a larger percentage
of TiO, particles or with larger size TiO, particles. The in-
fluence of the heat treatment on the morphology of the films
was weak, i.e., no noticeable differences in the surface were
observed in samples annealed at 120, 150, or 180 °C in the
same vacuum. However, the most suitable heating tempera-
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FIG. 1. SEM of MEH-PPV +nc-TiO, annealed in vacuum at 150 °C.

ture for other properties such as the /-V characteristics and
the PL spectra was found to be 150 °C. In the sample con-
sidered, the distribution of TiO, nanoparticles is mostly uni-
form, except for a few bright points indicating the presence
of nanoparticle clusters.

The results of PL. measurements the MEHPPV +TiO,
nanocomposite excited at a short wavelength (325 nm) and at
a standard one (470 nm) are presented. Figure 2 shows plots
of the photoluminescence spectra measured on a pure MEH-
PPV and a composite sample, using the FL3-2 spectropho-
tometer with a He—Ne laser as an excitation source (A
=325 nm). With such a short wavelength excitation both the
polymer and the composite emitted only one broad peak of
wavelengths. From this figure, it is seen that the photoemis-
sion of the composite film exhibits much higher lumines-
cence intensity than that of the pure MEH-PPV. A blueshift
from 580.5 to 550.3 nm was observed for the PL peak, simi-
lar to the result in Ref. 10 reporting on the PL spectra for a
hybrid MEH-PPV/nc-MoO; film. This result is consistent
with  currently  obtained result on  polymeric
nanocomposites,ll where the blueshift was explained by the
reduction of the chain length of polymer, when nanoparticles
were embedded in this latter. Although PL enhancement has
been rarely mentioned, one can suggest that the increase in
the PL intensity for such a composite film can be explained
by the large absorption coefficient for TiO, particles. Indeed,
this phenomenon would be attributed to the nonradiative
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FIG. 2. PL spectra of MEH-PPV+nc-TiO,. Excitation beam with X
=325 nm.
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FIG. 3. PL spectra of MEH-PPV+nc-TiO,. Excitation beam with X\
=470 nm.

Forster resonant energy transfer'? from TiO, nanoparticles to
polymer with excitation of wavelength less than 350 nm.

In Fig. 3 the PL spectra for the MEH-PPV and the com-
posite films with excitation wavelength of 470 nm are plot-
ted. In this case, the MEH-PPV luminescence quenching was
observed. For both samples, the photoemission has two
broad peaks, respectively, at 580.5 and 618.3 nm. The peak
observed at 580.5 nm is larger than the one at 618.3 nm,
similar to the EL spectra plotted in Ref. 13. As seen in Ref. 3,
for a composite, in the presence of rodlike TiO, nanocrys-
tals, PPV quenching of fluorescence is significantly high.
This phenomenon was explained by the transfer of the pho-
togenerated electrons to the TiO,. It is known'' that the fluo-
rescence quenching of MEH-PPV results in charge-
separation at interfaces of TiO,/MEH-PPV, consequently
reducing the barrier height at those interfaces.

B. PEDOT+TiO, nanocomposites

PEDOT has been used as for the HTL in OLED because
it has a high transmission in the visible region, a good ther-
mal stability, and a high conductivity.M’15 In the hope to
enhance the interface contact between ITO and PEDOT,
TiO, nanoparticles were embedded into PEDOT in the
present work. Figure 4 shows the AFM of a PEDOT com-
posite with a percentage of 20 wt % TiO, nanoparticles
(about 5 nm in size). With such a high resolution of the AFM

20 nm
N

FIG. 4. (Color) AFM of a PEDOT+nc-TiO, composite film with embed-
ding of 20 wt % TiO, nanoparticles.
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FIG. 5. Transmittance spectra of PEDOT (a) and PEDOT composite films
(b).

one can see a distribution of nanoparticles in the polymer
due to the spin-coating process. For the pure polymeric PE-
DOT, the surface exhibits smoothness comparable to the one
of the area surrounding the nanoparticles. The TiO, nanopar-
ticles contributed to the roughness of the composite surface
and created numerous TiO,/PEDOT boundaries in the com-
posite film.

Transmittance spectra, respectively, for a pure PEDOT
and a nanocomposite films are plotted in Fig. 5. From this
figure one can see that nanoparticles of TiO, made the poly-
mer film more absorbing in the violet range while making it
more transparent in the near infrared range. At the range of
the emission light of MEH-PPV, namely from 540 to 600
nm, the two samples have about the same transmittance of
82%. This transmittance is a bit lower, but still comparable
to the transmittance of the ITO anode. Since PEDOT has a
good conductivity, the electrical conductivity of this conduct-
ing polymer blend reaching up to 80 S/cm,'® in the infrared
wavelength range it reflects the IR light better resulting in a
decrease in the transmittance. The presence of TiO, nanopar-
ticles in PEDOT results in a cleavage of the polymer conju-
gation pathway, consequently leading to a decrease in film
conductivity. This is why in the IR range the PEDOT com-
posite has a higher transmittance than that of a pure PEDOT.
However, this small decrease in conductivity does not affect
much the performance of an OLED that uses the composite
as a hole transport layer.

IV. DISCUSSION

To better understand the effect of nanoparticles in com-
posite films used for both the EL and HTL in OLEDs, we
measured the /-V characteristics of the devices made from
different layers, such as a single pure EL diode (ITO/MEH-
PPV/Al, abbreviated as SMED), a double pure polymer di-
ode (ITO/PEDOT/MEH-PPV/Al or PPMD), a double poly-
meric composite layer diode, where a MEH-PPV+TiO,
composite was used as an EL and a PEDOT-composite film
was used as a HTL (ITO/PEDOT+TiO,/MEH-PPV
+TiO,/ Al or PMCD), and a multilayer OLED, where a super
thin LiF layer as ETL was added (ITO/PEDOT
+TiO,/MEH-PPV +TiO,/LiF/Al or MMCD). A 10 nm
thick LiF layer used for the SCL was e-beam deposited onto
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FIG. 6. I-V characteristics of OLED with different laminated structures. (a)
-Single MEH-PPV, SMED, (b) with HTL layer, PPMD, (c) with HTL and
EL composite layers, PMCD, and (d) with LiF, MMCD.

the MEH-PPV +TiO,; it was then covered by an Al coating
prepared by evaporation. A detailed characterization of the
SCL was however not carried out here, except for a compari-
son of the I-V characteristics (Fig. 6). From this figure one
can notice the following:

(1) The turn-on voltages for the diodes SMED, PPMD,
PMCD, to MMCD are found to be 3.4, 2.6, 2.2, and
1.7 'V, respectively. For the full multilayer diode
(MMCD), not only the turn-on voltage but also the
reverse current is the smallest. This indicates the
equalization of injection rates of holes and electrons
due to both the HTL and the SCL, which were added
to the OLED.

(i) A pure PEDOT used as HTL favors the hole injection
from ITO into the organic layer deposited on the
HTL, resulting in an enhancement of the /-V charac-
teristics. Thus the turn-on voltage decreased from 3.4
to 2.6 V (see the curve “b” for the PPMD diode).

(ili)  Nanoparticles in both the EL and HTL films have con-
tributed to significantly lowering the turn-on voltage
of the device (see the curve “c” for the PMCD diode).

The effect of both the HTL and ETL and/or SCL on the
enhancement of the /-V characteristics was well demon-
strated, associated with the equalization process of injection
rates of holes and electrons. However, the reason why the
nanoparticles can improve the device performance is still
open for discussion. For instance, in Ref. 17 the authors at-
tributed this enhancement to the stimulated emission of op-
tically pumped MEH-PPV films when TiO, particles were
embedded in. Whereas in Ref. 5, the authors indicated that
no evidence of line narrowing or changes in the line shape
was observed at different voltages, implying that the mecha-
nism for improved performance was distinctly different from
that found in optically pumped TiO,/MEH-PPV films. These
latter concluded that optical scattering phenomenon was not
causing an enhancement in the device performance. Another
possible explanation is that the nanoparticle surfaces increase
the probability of electron-hole recombination; however, this
would result in a change in the external quantum efficiency,
rather than the current density as it was observed.

From the data of PL spectra for the MEH-PPV and the

J. Appl. Phys. 105, 093518 (2009)

transmittance for PEDOT composites, we have observed
both the improvement in PL intensity and the luminescence
quenching of the composite (see Figs. 2 and 3). Similar phe-
nomena obtained for nanohybrid layers were explained due
to the TiO,/polymer boundaries causing a difference in band
gap between the oxide nanoparticles and the conjugate
polymer.18 Based on these results, we would advance a hy-
pothesis for the improved performance, which supports the
suggestion by Carter et al’ A change in the device morphol-
ogy would be caused by the incorporation of nanoparticles
into the solution. During the spinning process in the spin-
coating technique, the nanoparticles can adhere by strong
electrostatic forces to the HTL and between themselves, and
capillary forces can then draw the MEH-PPV solution
around the nanoparticles into cavities without opening up
pinholes through the device. This will result in a rough sur-
face over which the LiF (SCL) is evaporated and subse-
quently, a large surface area interface between the SCL and
the electroluminescent composite material is formed. At a
low voltage, charge-injection into MEH-PPV is expected to
be cathode limited; the very steep rise in the /I-V curves for
the composite diodes however, suggests that more efficient
injection at the cathode through the SCL is occurring, which
would be caused by the rougher interface of the nanocom-
posites. At a higher voltage, transport in MEH-PPV appears
to be space-charge limited.

The electroluminescence quantum efficiency can be cal-
culated by using a simple expression obtained by Tsutsui and
Saito in Ref. 19,

=YX 0, X &y, (1)

where 7 is a double charge injection factor, which is depen-
dent on the processes of carrier injection and is maximal
(y=1) if a balanced charge injection into the emission layer
of the device is achieved, i.e., the number of injected nega-
tive charges (electrons) equals the number of injected posi-
tive charges (holes); 7, quantifies the efficiency of the for-
mation of a singlet exciton from a positive and a negative
polaron, and ¢, is the PL quantum efficiency. From the PL
spectra and the /-V characteristics obtained, one can see that
v for the MMCD is the largest due to the addition of both the
HTL and SCL into the device. Since nc-TiO, particles em-
bedded in MEH-PPV constitute a factor favoring electrons
faster move in the EL, the intrinsic resistance of the OLED is
lowered. This results in an improvement of the /-V charac-
teristics of the device. Moreover, the more mobile electrons
can create a larger probability of the electron-hole pairs for-
mation in the emitting layer, resulting in an increase in 7, for
the MMCD. Thus the electroluminescence quantum effi-
ciency of the multilayer polymeric composite diodes can be
evaluated from Eq. (1) and appears to be much larger than
the one for the single polymeric layer device. As a result of
the enhanced carriers injection and transport in the polymer
composites, the electroluminescence quantum efficiency is
roughly estimated to be improved by a factor exceeding 10.

However, to accurately determine the electrolumines-
cence quantum efficiency of a multilayer OLED, we need to
carry out more work on the electroluminescence properties
of such laminated structures versus the content of nc-TiO,
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particles embedded in both the EL and HTL layers for a
larger range of current densities. For completeness, the em-
bedding of nonelectron conducting particles such as SiO,
will also be investigated. These experiments will be carried
out in a setup with parallel measurements of /-V and current
density-luminescence (J-L) characteristics.

V. CONCLUSION

In the hope of enhancing the properties of OLEDs, both
the hole transport layer and the emitting layer were prepared
as nanostructured thin films by embedding nc-TiO, particles
into PEDOT and MEH-PPV. The HTL nanocomposite films
were spin-coated onto low resistivity ITO substrates.
TiO,-embedded MEH-PPV conjugate polymers were spin-
coated onto the HTL. The LiF super thin films serving as
SCL were deposited onto the EL by vacuum evaporation. A
multilayer OLED of a laminated Al/LiF/MEH-PPV
+nc-TiO,/PEDOT-PSS +nc-TiO,/ITO structure was pre-
pared for /-V measurements. Characterization of the nano-
composite films showed that both the photo- and I-V charac-
teristics of the nanocomposite materials were significantly
enhanced in comparison with the standard polymers. OLEDs
made from these layers may possess a larger electrolumines-
cent efficiency.

ACKNOWLEDGMENTS

This work was supported in part by Vietnam National
Foundation for Basic Scientific Research in Physics (2006—
2008, Project Code: 410306) and by the Protocol for the
Scientific Cooperation between Vietnam and South Korea
(2009-2010). One of the authors (N.N.D) expresses his sin-
cere thanks to the AS-ICTP (Trieste, Italy) for the senior

J. Appl. Phys. 105, 093518 (2009)

associate financial support, permitting the completion of the
manuscript for this paper during his stay in Trieste from June
30 to August 13, 2008.

'T. S. Salafsky, Phys. Rev. B 59, 10885 (1999).

V. M. Burlakov, K. Kawata, H. E. Assender, G. A. D. Briggs, A. Rusec-
kas, and I. D. W. Samuel, Phys. Rev. B 72, 075206 (2005).

3A. Petrella, M. Tamborra, P. D. Cozzoli, M. L. Curri, M. Striccoli, P.
Cosma, G. M. Farinola, F. Babudri, F. Naso, and A. Agostiano, Thin Solid
Films 451-452, 64 (2004).

K. Kawata, V. M. Burlakov, M. J. Carey, H. E. Assender, G. A. D. Briggs,
A. Ruseckas, and I. D. W. Samuel, Sol. Energy Mater. Sol. Cells 87, 715
(2005).

3S. A. Carter, J. C. Scott, and P. J. Brock, Appl. Phys. Lett. 71, 1145
(1997).

°S. Tasch, G. Leising, and U. Scherf, Appl. Phys. Lett. 68, 1090 (1996).

c.C. Oey, A. B. Djurixic, C. Y. Kwong, C. H. Cheung, W. K. Chan, J. M.
Nunzi, and P. C. Chui, Thin Solid Films 492, 253 (2005).

83, A. Choulis, M. K. Mathai, and V.-E. Choong, Appl. Phys. Lett. 88,
213503 (2006).

M. M. Yusuf, H. Imai, and H. Hirashima, J. Sol-Gel Sci. Technol. 25, 65
(2002).

'N. N. Dinh, L. H. Chi, T. T. C. Thuy, D. V. Thanh, and T. P. Nguyen, J.
Korean Phys. Soc. 53, 802 (2008).

s, H. Yang, T. P. Nguyen, P. Le Rendu, and C. S. Hsu, Composites, Part A
36, 509 (2005).

12G. Heliotis, G. Itskos, R. Murray, M. D. Dawson, I. M. Watson, and D. D.
C. Bradley, Adv. Mater. (Weinheim, Ger.) 18, 334 (2006).

135, A. Carter, J. C. Scott, and J. Brock, J. Appl. Phys. 71, 1145 (1997).

143, Quyang, Q. Xu, C.-W. Chu, Y. Yang, G. Li, and J. Shinar, Polymer 45,
8443 (2004).

15p, Tehrani, A. Kanciurzewska, X. Crispin, N. D. Robinson, M. Fahlman,
and M. Berggren, Solid State Ionics 177, 3521 (2007).

165, Quyang, C.-W. Chu, F.-C. Chen, Q. Xu, and Y. Yang, Adv. Funct. Mater.
15, 203 (2005).

5. C. Scott, J. Kaufman, P. J. Brock, R. DiPietro, J. Salem and J. A. Goitia,
J. Appl. Phys. 79, 2745 (1996).

'®T. T. Chung Thuy, L. H. Chi, and N. N. Dinh, J. Korean Phys. Soc. 54,
291 (2009).

T Tsutsui and S. Saito, NATO ASI Ser., Ser. E 246, 123 (1993).

Downloaded 16 Aug 2012 to 132.205.7.55. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1103/PhysRevB.59.10885
http://dx.doi.org/10.1103/PhysRevB.72.075206
http://dx.doi.org/10.1016/j.tsf.2003.10.106
http://dx.doi.org/10.1016/j.tsf.2003.10.106
http://dx.doi.org/10.1016/j.solmat.2004.07.046
http://dx.doi.org/10.1063/1.119848
http://dx.doi.org/10.1063/1.115722
http://dx.doi.org/10.1016/j.tsf.2005.07.118
http://dx.doi.org/10.1063/1.2200285
http://dx.doi.org/10.1023/A:1016045111857
http://dx.doi.org/10.1016/j.compositesa.2004.10.008
http://dx.doi.org/10.1002/adma.200501949
http://dx.doi.org/10.1016/j.polymer.2004.10.001
http://dx.doi.org/10.1016/j.ssi.2006.10.008
http://dx.doi.org/10.1002/adfm.200400016
http://dx.doi.org/10.1063/1.361096

